Abstract Copper (Cu) nanoparticles of average sizes (radius in nm) varying between 1.7 and 6 nm have been prepared by 1,064 nm Nd:YAG laser ablation of solid copper target in water medium. The nanostructures of the samples have been characterized using high-resolution transmission electron microscopes (HRTEM). The UVvisible absorption spectra obtained with a UV-visible spectrophotometer show sharp absorptions in the ultraviolet region and visible region due to the interband transition and surface plasmon resonance (SPR) oscillations in Cu nanoparticles, respectively. The increase in the linewidth of the SPR absorption peaks with the reduction in particle sizes are observed due to the intrinsic size effects. The behaviour of the UV-visible spectra associated with the Cu nanoparticles is studied as a function of laser fluence and laser ablation time.
Introduction
In the past two decades metal nanoparticles have attracted much attention from the researchers because of their sizedependent electronic, catalytic, magnetic and optical properties that arise due to interaction between metallic nanoparticles and electromagnetic radiation (Link and ElSayed 1998; Takami et al. 1999; Curtis et al. 1988; Yeh et al. 1999; Singh et al. 2010; Lee and El-Sayed 2006; . A number of synthesis techniques for metallic colloids have been reported, such as wet chemical (Ahmadi et al. 1996) , photochemical (Huang et al. 1996) , electro chemical (Khaydarov et al. 2009 ) and radiolysis reduction (Chen et al. 2007 ), etc. Laser ablation of solids in a liquid (LAL) is a new and highly promising technique for preparing nanocolloids. It is of particular interest due to its high non-equilibrium processing which allows synthesis of nano-structured material. A series of mechanisms including generation, transformation and condensation of plasma plume produced laser ablation of solid in liquid environment in the condition of liquid confinement. This method allows us to prepare nanocolloids with ease and eliminates the problem of contamination by reducing agent, but the size distribution tends to be broadened because the coagulation processes of the atoms can hardly be controlled. This process can be used for metals, semiconductor, insulators and the conditions during ablation can be easily controlled. Among the variety of metallic nanoparticles noble metal group gold (Au) and silver (Ag) are extensively studied as they interact strongly with visible light through resonant excitations of the collective oscillation of the conduction electrons within the particles. Recently attention has been focused on Cu nanocolloids due to their catalytic (Mafune et al. 2000) and electrolytic (Kazakevich et al. 2004) properties. Formation of nanocolloids under pulsed Nd:YAG laser ablation of metallic plates in liquid has been reported, previously (Link et al. 2000; Dolgaev et al. 2002; Nedersen et al. 1993) . Recently Jeon et al. (1998) have reported the effect of different laser wavelength (1,064 and 532 nm) and for a particular wavelength (1,064 nm) the effect of focusing on ablation efficiency. Haider et al. (2011) have reported the effect of laser energy on the ablation efficiency of the prepared gold nanocolloids. Very recently, Mafune et al. (2002) has reported the formation of Ag nanocolloids in aquash solution of sodium dodecyl sulphate (SDS) and examined the influence of laser energy, number of laser pulses and concentration of SDS on ablation efficiency. Prochazska et al. (1997) have reported the wavelength dependence on ablation efficiency of various metals.
In this study we demonstrate a method to generate Cu nanoparticles of average sizes (radius) varying between 1.7 and 6 nm by 1,064 nm Nd:YAG laser ablation and observed the appearance of strong and sharp interband absorption in the ultraviolet region at *251 nm (*4.94 eV) as well as SPR absorptions in the visible region (593-607 nm). It is found from the measured UVvisible absorption characteristics of all the samples that the SPR peak positions and thus the particle sizes of the prepared nanoparticles are dependent on the laser ablation time (LAT) and laser fluence (LF). In order to understand the effect of laser parameters on mean nanocolloids' size a series of laser ablation experiment is performed. The variations in size of the prepared Cu nanoparticles have been obtained by varying the LAT from 10 to 50 min, keeping the LF constant at 151 J/cm 2 . The observed results have been analysed using the frame of Mie theory and the value of scattering parameter and bulk copper damping frequency have been extracted. It is found that SPR linewidth increases with the decrease in particle size due to intrinsic size effects. We have studied the effect of the LF keeping the ablation time duration fixed at 20 min. Despite the complex mechanism of laser-matter interaction, laser ablation in liquid technique provides a simple, flexible and less expensive way for formation of contamination free nanoparticles.
Experimental details
The experimental set up used for preparation of Cu nanocolloids is shown in the Fig. 1a . The solid Cu target used is a Cu plate of *10 mm thickness and of purity of 99.99 % which is kept in a petri dish containing 10 ml of liquid. The laser radiation at 1,064 nm wavelength coming from a Q-switched Nd:YAG laser is focused using a lens of focal length 30 cm. The formations of nanoparticles along-with its size variation with the time of ablation are visually noted with the variation of colour of the prepared colloids. The laser source is operated at a repetition rate of 10 Hz and ablation time was varied between 10 and 50 min. As the laser radiation is incident on the target for long exposure time, crater is formed on the target. As a result the value of the laser fluence reaching the target will change and which may reduce the formation efficiency of the nanoparticles (Haider et al. 2011; Mafune et al. 2002) . In order to avoid this, petri dish containing the target is translated. The nanostructures of the samples are obtained using a transmission electron microscope (TEM, . The micrograph is analysed by image processing software to determine the mean particle size. The size distribution is obtained by counting at least 250 particles in TEM image. It should be noted that both the size and the size distribution significantly depend on the laser parameters. The UVvisible absorption characteristics have been measured using a UV-visible spectrophotometer (Hitachi, U 3010) and for these measurements, nanocolloids are kept in a quartz cuvette of path length 1 cm.
Results and discussions
The energy-dispersive X-ray analysis (EDXA) spectrum of a representative sample, prepared by 30 min of laser Table 1 . From the Table 1 it is found that our calculated values match exactly well with those of standard value of Cu and Cu 2 O which confirms the coexistence of both Cu and Cu 2 O rings. It suggests that the surfaces of Cu nanoparticles are partly oxidized by water because of high reactivity of Cu. Figure 3 shows the UV-visible absorption characteristics of all as-prepared samples. In the Fig. 3 , dark yellow, red, black, blue and magenta colours correspond to S1, S2, S3, S4 and S5, respectively. From Fig. 3 it is seen that there are two absorption peaks appearing in all the samples, one in the visible region due to the well-known SPR absorptions, which is the characteristics absorption of metals and another in the UV region due to interband transitions. The appearance of sharp and strong interband transition in the UV region is an important observation in this work.
From the inset of Fig. 3 it is seen that the maximum value of absorbance of SPR and UV peaks vary with LAT. It is also found from the inset of Fig. 3 that UV absorption peak intensity increases from S1 to S3 and after that it decreases for S4 and then again increases for S5. It is also observed that SPR absorption peak intensity increases slowly from S1 to S4 and then it almost becomes constant. These results indicate that as we have increased the ablation time, the number of nanoparticles produced increases initially and then it becomes almost constant with ablation time. Actually, with increase in laser ablation time, more number of nanoparticles are produced and these nanoparticles accumulate near the laser spot; when the number of produced nanoparticles becomes sufficiently large, they shield the incident laser radiation. Hence the value of the incident laser intensity reaching the solid target is decreased, which causes no further increase in the number of nanoparticles and so the absorbance becomes constant. Figure 4a shows the variations of the SPR wavelengths and size of the particles (diameter in nm) with the time duration of laser ablation for all the samples. It is observed that the SPR peak position shows a gradual blue shift with ablation time and the particle size (diameter in nm) as obtained from TEM measurements decreases with LAT. The blue shift of SPR peak position due to the reduction of the size of the prepared nanoparticles agrees with the classical plasmon resonance absorption theory of metallic colloidal particles (Link and El-Sayed 1999; Kreibig and Genzel 1985) . The interband transition in UV region has been reported in chemically prepared Au and Ag nanoparticles and in Au nanoparticles deposited in a quartz substrate by RF sputtering (Balamurugan and Maruyama 2005; Frederix et al. 2003; Alvarez et al. 1997 ). The surfactants and capping molecules have also been observed to influence the intensity and width of the interband absorption peak and this phenomenon has been successfully used for biosensor applications (Pinchuk et al. 2004) . Also it has been reported theoretically that there is a considerable contribution of interband transition to the absorption spectra of Au and Ag nanoparticles at UV wavelengths (Rao et al. 2002) . In the present work, no surfactant or capping molecules have been used and so the intense interband absorptions are observed and their intensity also varies with the laser ablation time duration. The UV peak absorbance is found to increase from S1 to S3. Then absorbance is suddenly reduced for S4 due to agglomeration of nanoparticles caused by shielding of the laser beam. The UV absorption in the sample prepared with longer time duration is again increased due to fragmentation of the agglomerated nanoparticles. The electronic energy levels are not continuous in nanoparticles unlike in bulk materials. Rao et al. (2002) reported that due to the quantum size effects of the careers, the energy levels are discrete and this can result in a sharp and intense absorption features corresponding to interband transitions in nanoparticles.
The linewidth of the SPR peak is an important parameter to have an idea about the size distribution of the prepared nanocolloids. We have applied Lorentzian fit to calculate the Lorentzian linewidth (in meV) of SPR peak of all the samples and are shown in Fig. 4b with their corresponding particle size. From the Fig. 4b it is observed that the linewidth increases with the decrease in particle size; thus the presence of intrinsic size effects is confirmed (Berciaud et al. 2005) . With the Mie theory and the bulk dielectric constant only a minor dependence of the SPR linewidth on the particle size can be explained. Therefore, to explain the experimental data of SPR linewidth we have used the modified dielectric function as given below (Kreibig and Vollmer 1995) :
Here, the first term is the contribution to the dielectric constant due to interband transitions and assumed to be size independent and the last term is the Drude-Sommerfeld free electron term. x p is the bulk plasma frequency and c d is the size dependent phenomenological damping constant as given by the following equation (Kreibig and Genzel 1985) ,
Here, v f is the Fermi velocity and c 0 is the damping constant of bulk metal, the value of v f = 1.57 9 10 6 m/s, and A is the phenomenological parameter. The above equation described the limitations on the mean-free path of the free electrons due to the size reduction of particles. Kreibig and Genzel (1985) have shown theoretically that the values of A lying between 0.1 to above 2 are justified considering several factors into the consideration. However, the circles in Fig. 4b are experimental points and the solid line is the theoretically fitted one with Eq. (2). From the theoretical fittings, the obtained value of A = 0.1 and the bulk linewidth c 0 = 89 meV which are nearly the same as reported earlier (Yeshchenko et al. 2006 ). Figure 5 shows the UV-visible absorption characteristics of all as-prepared samples prepared with different LF values of 87, 121, 151 and 181 J/cm 2 while the LAT is kept fixed at 20 min. In Fig. 5 colors black, red, blue and dark cyan colour correspond to the LF value of 87, 121, 151 and 181 J/cm 2 , respectively. In Fig. 5 we again observed two absorption peaks in all the samples, one in the visible region due to the well-known SPR absorptions, which is the characteristic absorption of metals and another in the UV region due to interband transition. The characteristics of both the SPR and UV peaks are affected by the variation of LF value. It is found that with increase in LF the SPR peak position is shifted to the shorter wavelength. This result suggests a decrease of particle size of the prepared Cu nanocolloids with increase in LF. In fact higher LF leads to larger kinetic energy that increases collision among initially formed large nanoparticles in the condensation process which further reduces the size (Haider et al. 2011) . From the inset of Fig. 5 it is seen that the maximum value of SPR peak as well as that of UV absorption peaks varies with the LF. It is found that UV absorption peak intensity increases with the increase of the LF continuously whereas the SPR absorption peak intensity increase slowly at first with the increase of LF and then it becomes constant. The reason for this is the same as has been explained earlier.
Conclusions
In conclusion, here we have reported the preparation of uncapped Cu nanoparticles having average sizes (radius) varying between 1.7 and 6 nm by laser ablation of solid copper target in water medium by using Nd:YAG laser radiation at 1,064 nm having 10 ns pulse duration and by varying the laser ablation time duration and laser fluence. The UV-visible absorption spectra of all the samples show the presence of absorption peaks in the visible (varying between 593 and 607 nm) due to SPR and interband absorptions (*251 nm) in Cu nanoparticles. The shift of the SPR peak wavelength had taken place due to the variation in the size of the prepared nanoparticles and the linewidth of the SPR peaks increased with the reduction in sizes of the prepared nanoparticles due to intrinsic size effects. Due to the absence of any capping agent or surfactant molecules and quantum size effect the sharp absorption in the interband region is observed. The measured experimental data of SPR linewidth are fitted with a theoretical expression in the framework of Mie theory and the estimated value of bulk linewidth (c 0 ) and the phenomenological parameter A are 89 meV and 0.1, respectively. , respectively. The inset shows the variations of the SPR peak absorbance and UV peak absorbance with the laser fluence
